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The influence of crystallographic orientation on the nanomechanical properties of 50 nm thick
~100!-oriented single-crystal silicon resonators was investigated by examining the effects of surface
treatments, such as flash-heating, on the mechanical quality factors (Q-factors! and resonant
frequencies. The measured Q-factors were found to vary periodically with crystallographic
orientation and were shown to have higher values in the ^110& direction. A 1500 nm thick
~100!-oriented cantilever array was also studied for comparison, for which no obvious periodic
change was observed. Since the energy dissipation in vibrating resonators cannot be explained by
the support loss or thermoelastic loss, a surface-related mechanism should be considered. © 2003
American Institute of Physics. @DOI: 10.1063/1.1616652#Micromachined resonators are promising tools to detect
small forces1 and infinitesimal masses.2 Some of the recent
applications include the measurement of vortex motion in
high-Tc superconductors,3 biomolecular recognition,4 actua-
tion of sensors via Casimir force,5 and shuttling of an elec-
tron charge in a quantum dot.6 A fundamental limit to the
detection sensitivity is determined by the damping of the
resonators. Stored vibration energy in a resonating sensor is
dissipated through both external and internal losses. External
losses include loss to surrounding fluid by acoustic radiation
or viscous friction, and loss via radiation at the support
~clamping loss!. On the other hand, internal losses are tradi-
tionally associated with a bulk ~volume! effect resulted from
thermoelastic coupling, intrinsic friction, magnetoelastic hys-
teresis, stress relaxation at grain boundaries, etc. Intrinsic
friction loss usually occurs at crystal defects, impurities, and
grain boundaries. A resonator with a high value of quality
(Q)-factor exhibits a low energy loss due to energy dissipa-
tion, which results in a high detection sensitivity.
Efforts in achieving the physical limit in sensitivity have
been made through further miniaturization,7 parametric
amplification,8 electrical dumping control, etc. Among these
methods, miniaturization of mechanical components seems
to be the simplest way to minimize thermomechanical noise
in various kinds of resonating sensors and nano-
electromechanical systems. However, it was reported that
when the dimensions of the resonator shrink, especially as
the thickness is reduced, Q-factors decrease and energy dis-
sipation increases.7
Miniaturization results in an increase in the surface-to-
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nism, so-called ‘‘surface loss,’’ a kind of internal loss, where
the arrangement of surface atoms, including crystallographic
arrangement of atoms, may dominate energy dissipation in
vibrating resonators. One of the supporting proofs is the im-
provement of the Q-factor up to 250 000 after heating a 170
nm thick silicon cantilever in UHV.9 This improvement is
explained by the rearrangement of surface silicon atoms, and
the decrease of surface defects due to evaporating surface
oxide by heating.
Ultrathin single-crystal silicon ~SCS! cantilevers have
many applications as resonating sensors, due to their excel-
lent mechanical properties, low defect density, absence of
grain boundaries and bending. However, surface effects aris-
ing from the arrangement of surface atoms, causing energy
dissipation, are of paramount importance here. This is not
only due to downscaling, but also because of the unstable
and easily oxidized silicon surface. Unfortunately, relatively
little is understood about this surface-related mechanism and
its influence on energy dissipation in ultrathin SCS resona-
tors.
This work reports the effect of crystallographic orienta-
tion on the nanomechanical properties of SCS resonators.
The starting materials were ~100!-oriented silicon-on-
insulator ~SOI! wafers, made by silicon-implanted oxygen or
smart cut. The fabrication sequence has been described
elsewhere.10
Measurements of thin cantilevers were performed in an
UHV system at room temperature with a treatment chamber
at a pressure of 231028 Pa, and a measurement chamber at
a pressure of 131027 Pa. The measurement chamber was
equipped with a laser Doppler vibrometer and the measure-
ment system has been detailed elsewhere.2
The Q-factors were measured from the step response of9 © 2003 American Institute of Physics
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of the resonance. In the step response measurements, the
amplitude of the oscillating resonator decayed exponentially,
with a time constant, when the feed signal was turned off
abruptly. The Q-factors were then determined from this de-
cay time.
Figure 1 shows a 50 nm thick Si cantilever array fabri-
cated on the SOI wafer by Si-based micromachining. The
array consists of 36 rectangular cantilevers, and each canti-
lever is 3 mm in width and 50 mm in length. The crystallo-
graphic orientation of ^110& in ~100! plane, which corre-
sponds to the crystallographic direction of cantilever in
~100!-oriented array, is also indicated in Fig. 1.
Figure 2 shows the measured Q-factors as a function of
the crystallographic orientation for three different surface
treatments: cantilevers as fabricated without any surface
treatment, cantilevers treated by flash-heating at 1000 °C for
30 s, and cantilevers flash-heated for the second time 50 h
after the first flash-heating. For all measurements, the
Q-factors were found to vary periodically with the crystallo-
graphic degree of the cantilever. It is also noted that higher
Q-factor values were obtained along the crystallographic di-
rections of ^110&, the higher elastic modulus directions in the
FIG. 1. A typical view of 50 nm thick ~100!-oriented silicon cantilever
array.
FIG. 2. The measured Q-factors of 50 nm thick ~100!-oriented silicon can-
tilevers periodically vary with crystallographic orientation and have higher
values in ^110& directions, with respect to the effect of surface treatment by
flash-heating.
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a similar way as that for Q-factor, as shown in Fig. 3. The
periodic variation in resonant frequency is due to periodic
change in elastic modulus.11 About 10 times overall improve-
ment of the Q-factor was realized in this study, and the im-
provement was attributed to the surface cleaning and the re-
arrangement of surface atoms by flash-heating. The dynamic
response of the Q-factor with time for the cantilever sub-
jected to the flash-heating has been discussed in detail
elsewhere.12
In order to investigate whether the crystallographic in-
fluence is a surface effect or a bulk effect, a 1500 nm thick
~100!-oriented Si cantilever array was fabricated without
thermal oxidation thinning. Figure 4 shows the measured
Q-factor as a function of the crystallographic degree after 50
h from flash-heating. In comparison to Fig. 2, no obvious
periodic change in the Q-factor was observed with the
change in crystallographic orientation of the thick cantilever.
For a thin SCS resonator operating in UHV, vibrational
energy can be dissipated mainly via support loss, thermoelas-
tic loss, and surface loss, as discussed subsequently.
Energy dissipation via coupling to the support structure
per oscillating cycle of a cantilever can be calculated accord-
ing to a two-dimensional theory of elasticity by modeling the
support structure as an infinitely large elastic body.13 For the
first mode resonance, this is given by
DW
W 52.873S hl D
3S E1E0D , ~1!
where W is the total energy, DW is the energy loss during a
cycle due to damping force, h and l are the thickness and
length of cantilever, respectively, and E1 and E0 are the
FIG. 3. The resonant frequency as a function of the crystallographic degree
of cantilever with respect to the effect of surface treatment by flash-heating.
FIG. 4. The Q-factor as a function of the crystallographic degree of canti-
lever for a 1500 nm thick ~100!-oriented resonant array, measured after 50 h
from flash-heating.
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
3191Appl. Phys. Lett., Vol. 83, No. 15, 13 October 2003 Wang, Ono, and EsashiYoung’s modulus of cantilever and support structure, respec-
tively. For 50 nm thick ~100!-oriented Si cantilevers, the ra-
tio of thickness to length is 1:1000. Substituting the calcu-
lated E1 ranging from 130 to 170 GPa11 into Eq. ~1!, the
support loss was then estimated to range from 2.231029 to
2.931029, far less than the measured value of 5;6
31026. Further more, Eq. ~1! shows that a higher modulus
causes greater loss and this is contrary to the experimental
results shown in Fig. 2. It is indicated that the support loss is
not indeed the loss mechanism, and thus is ignorable.
Thermoelastic energy dissipation is a consequence of ir-
reversible heat flow across the thickness of the cantilever as
it oscillates. The thermoelastic critical damping fraction can
be expressed as14
DW
W 5
a2TE1
4rCp
2 f 1 / f 0
11~ f 1 / f 0!2 , ~2!
where a is the coefficient of thermal expansion, T is the
cantilever temperature, E1 is modulus of elasticity, r is mass
density, and Cp is specific heat per unit volume. The ratio of
the cantilever frequency f 1 to a characteristic frequency f 0
quantifies the rate of heat flow across the thickness of the
cantilever. f 0 can be expressed as
f 05
pk
2rCph2
, ~3!
where k is the thermal conductivity. For the 50 nm thick Si
cantilevers, f 0(}h22) is calculated as 58 GHz, while f 1 and
E1 have variation ranges of 23;32 kHz and 130–
;170 GPa,11 respectively. We would, therefore, expect the
thermoelastic loss is in the range of 3.231029;5.8
31029. From Eq. ~2!, however, a higher E1 and f 1 give a
higher loss, which is also contrary to the experimental results
obtained, as shown in Fig. 2.
As the thickness was reduced by a factor of 30 from
1500 to 50 nm, both the support loss and thermoelastic loss
are calculated to decrease. By further comparing the
Q-factors of thin Si~100! cantilevers ~Fig. 2! with those of
thick Si~100! cantilevers ~Fig. 4!, the behavior of the peri-
odic change obtained only on the thin resonant array implies
that the loss mechanism relies on the surface effect. Compar-
ing Figs. 2 and 3, the basic result that the measured dissipa-
tion appears to scale inversely with the effective stiffness, is
exactly in agreement with what one would expect from con-Downloaded 01 Dec 2008 to 130.34.135.83. Redistribution subject totamination or surface defects with dissipation larger than that
of the cantilever. This was clearly shown by White and Pohl,
where the change in dissipation from the intrinsic resonator
to the measured value due to a a-SiO2 surface film scaled
with the inverse stiffness of the resonator.15 Actually, the
crystallographic change of energy loss to the mean value of
energy losses was reduced from 48% to 24% when the thin
SiO2 layer was removed by flash-heating. This means the
rearrangement of silicon atoms and the decrease of the sur-
face defects not only improve the Q-factors, but also reduce
the crystallography-originated energy loss.
The discussion reveals that the periodical variation in
Q-factors with crystallographic orientation is due to neither
the support loss nor thermoelastic loss. The surface-related
mechanism should be clarified to explain the observed be-
havior, which will be discussed in a subsequent publication.
However, the results obtained in this study provide an insight
into the understanding of surface effects on nanomechanics
of resonating elements, and provide design guidelines for
future nanoengineered devices for ultimate sensing.
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